Objectives: There is a marked propensity for patients with acetaminophen-induced acute liver failure to develop sepsis, which may culminate in multiple organ failure and death. Toll-like receptors sense pathogens and induce inflammatory responses, but whether this is protective or detrimental in acetaminopheninduced acute liver failure remains unknown. Design, Setting, and Patients: We assessed Toll-like receptor expression on circulating neutrophils and their function in 24 patients with acetaminophen-induced acute liver failure and compared with 10 healthy controls. Interventions: Neutrophil Toll-like receptor 2, -4, and -9 expression and cytokine production and function were studied ex vivo at baseline and following stimulation with lipopolysaccharide, oligodeoxynucleotides, ammonium chloride, and interleukin-8. To examine the influence of acetaminophen-induced acute liver failure plasma and endogenous DNA on Toll-like receptors-9 expression, healthy neutrophils were incubated with acetaminophen-induced acute liver failure plasma with and without deoxyribonuclease-I. Measurements and Main Results: Circulating neutrophil Toll-like receptor 9 expression was increased in acetaminophen-induced acute liver failure on day 1 compared with healthy controls (p = 0.0002), whereas Toll-like receptor 4 expression was decreased compared with healthy controls (p < 0.0001). Toll-like receptor 2 expression was unchanged. Neutrophil phagocytic activity was decreased, and spontaneous oxidative burst increased in all patients with acet-
aminophen-induced acute liver failure compared with healthy controls (p < 0.0001). Neutrophil Toll-like receptor 9 expression correlated with plasma interleukin-8 and peak ammonia concentration (r = 0.6; p < 0.05) and increased with severity of hepatic encephalopathy (grade 0-2 vs 3/4) and systemic inflammatory response syndrome score (0-1 vs 2-4) (p < 0.05). Those patients with advanced hepatic encephalopathy (grade 3/4) or high systemic inflammatory response syndrome score (2-4) on day 1 had higher neutrophil Toll-like receptor 9 expression, arterial ammonia concentration, and plasma interleukin-8 associated with neutrophil exhaustion. Healthy neutrophil Toll-like receptor 9 expression increased upon stimulation with acetaminophen-induced acute liver failure plasma, which was abrogated by preincubation with deoxyribonuclease-I. Intracellular Toll-like receptor 9 was induced by costimulation with interleukin-8 and ammonia. Conclusion: These data point to neutrophil Toll-like receptor 9 expression in acetaminophen-induced acute liver failure being mediated both by circulating endogenous DNA as well as ammonia and interleukin-8 in a synergistic manner inducing systemic inflammation, neutrophil exhaustion, and exacerbating hepatic encephalopathy. (Crit Care Med 2016; 44:43-53) Key Words: acute liver failure; encephalopathy; neutrophil; toll-like receptor 9
A cetaminophen-induced hepatocellular necrosis is the commonest cause of acute liver failure (ALF) in the western world and culminates in the development of coagulopathy, encephalopathy, and multiple organ failure (MOF) in less than 7 days (1) . The loss of hepatocellular synthetic function leads to decreased ammonia detoxification resulting in hyperammonemia. Hyperammonemia plays a definitive role in the development of hepatic encephalopathy (HE) and brain edema, with up to 25% of patients developing intracranial hypertension (ICH) (2) . Cerebral edema and increased intracranial pressure may be fatal without access to emergency liver transplantation (LT). There is a marked propensity for patients with acetaminophen-induced ALF (AALF) to develop sepsis, which may not only hasten the development of brain edema, but may further progress to MOF and death. The systemic inflammatory response syndrome (SIRS) contributes to the progression of HE in ALF (3, 4) . However, the mechanism by which this occurs remains unclear.
In response to acetaminophen hepatotoxicity, neutrophils are rapidly recruited and infiltrate the liver (5) , where they become activated by chemokines such as chemokine (C-X-C motif) ligand 8/interleukin-8 (IL-8) (6) and mitochondrial products such as formyl peptides and mitochondrial DNA amplifying hepatocellular damage by release of proteolytic enzymes and reactive oxygen species (ROS) (7) . Neutrophils alongside macrophages also participate in the removal of necrotic cell debris in preparation for tissue repair and resolution of the inflammatory response (8) . Circulating neutrophils have a decreased phagocytic capacity and increased spontaneous oxidative burst (SOB) in patients with ALF (9) . Furthermore, neutrophil function indices are important biomarkers of poor prognosis in ALF and can be implicated as important mediators in the development of cellular and organ dysfunction and the increased susceptibility to developing sepsis (9) . Decreased neutrophil phagocytic activity (NPA) correlates with peak arterial ammonia concentration in patients with ALF, and there is a growing evidence to suggest that ammonia may be causally implicated in contributing to neutrophil dysfunction (9, 10) .
Toll-like receptors (TLRs) are innate pattern recognition receptors that detect microorganisms based on a specific molecular pattern (11) . Ten TLRs have been reported in humans and are present in immune and nonimmune cells including neutrophils and hepatocytes (12) . TLR 9 is an intracellular receptor that has high affinity toward the oligodeoxynucleotides (CpG motif of bacterial DNA), whereas TLR 2 and TLR 4 are surface receptors that detect pathogen-associated molecular patterns (PAMPs) from Gram-positive (lipoteichoic acid) and Gram-negative bacteria (lipopolysaccharide [LPS]), respectively (13, 14) . TLR 2 and -4 also recognize host molecules such as heat shock proteins and may be important in driving a sterile inflammatory response in AALF and initiating tissue repair (8) . Downstream signaling of TLRs activates the nuclear factor kappa-light-chainenhancer of activated B cells pathway thereby up-regulating the production of proinflammatory cytokines and chemokines and recruiting key components of the adaptive immune system (14) . Neutrophil TLRs are able to sense PAMPs and induce inflammatory responses (15) , but whether this is protective or detrimental in patients with AALF remains unknown. TLR 2, -4, and -9 are the most prevalent TLRs on neutrophils. In-vitro TLR activation of human neutrophils resulted in increased phagocytic capacity, superoxide generation, L-selectin shedding, chemotaxis inhibition, and also triggered cytokine release (11) . This has not been examined in patients with AALF although a TLR 9 antagonist was recently demonstrated to have a protective effect against developing liver injury in a mouse model of AALF (16) .
We hypothesized that circulating neutrophil TLR 9 expression might be increased in AALF patients with SIRS resulting from the release of necrotic hepatocyte products, ammonia and IL-8, into the circulation. On the basis of the severity of SIRS, we prospectively characterized circulating neutrophil function and TLR 2, -4, and -9 phenotype in healthy controls (HC) and in patients presenting with AALF. Neutrophil TLR 9 expression and cytokine production were studied at baseline and in response to ex-vivo stimulation with ammonium chloride (NH 4 Cl) and LPS. In a separate experiment, we also analyzed the influence on healthy neutrophils of ex-vivo incubation with oligodeoxynucleotides, IL-8, and/or NH 4 Cl on neutrophil TLR 9 expression and cytokine production. To examine the influence of AALF plasma and endogenous mitochondrial DNA on TLR 9 expression, healthy neutrophils were incubated with AALF plasma with and without deoxyribonuclease-I (DNase-I).
were determined and compared with HC. Blood samples were collected from patients with AALF within 24 hours of admission to the ICU (day 1) and followed longitudinally (days 4 and 7) until recovery, death, or LT. HCs were only studied on day 1 as we have previously shown that HC variability is negligible over 7 days.
Patients
Twenty-four consecutive patients with AALF were recruited at admission to the liver ICU at King's College Hospital between January 2011 and December 2013. AALF was defined by the onset of hepatocellular dysfunction in the absence of pre-existing liver disease characterized by coagulopathy and encephalopathy following an intentional or unintentional overdose of acetaminophen (17) .
Inclusion and Exclusion Criteria
Patients with AALF and 18-75 years old were included. Healthy age-and sex-matched nonsmoking volunteers with no history of liver disease were used as HC. The HC alcohol intake was less than 20 g/d, and they had not drunk alcohol or exercised excessively 72 hours prior to blood being drawn.
Patients were excluded if they had evidence of sepsis on clinical examination, radiologic or laboratory evidence of infection, malignancy, and any coexisting history of immunodeficiency including HIV and glycogen storage disease. Patients who had an alcohol intake of greater than 20 g/d prior to the acetaminophen overdose or who were treated with immunosuppressant drugs were also excluded.
Consent and Data Collection
The study was performed in accordance with the declaration of Helsinki, and ethical permission was granted from the North East London Research Ethics Committee (Ref: 08/H0702/52) and King's College Hospital Local Research Ethics Committee (Ref: 01-04-005). After obtaining fully informed consent or declaration by an appropriate consultee, clinical, biochemical, and physiologic data were collected. The information included tobacco and alcohol use, arterial ammonia (micromoles per liter), sodium (millimoles per liter), and differential leukocyte Circulating neutrophils express decreased CD16 and Toll-like receptor (TLR)-4 and increased TLR 9 receptors in patients with acetaminopheninduced acute liver failure (AALF) compared with healthy controls (HC). A, CD16 was significantly decreased in AALF on day 1 (n = 21) compared with HC (n = 10) (p < 0.0001) (mean, -42,589; 95% CI, -58,223 to -26,594; r 2 = -0.52). There was no difference in the CD16 expression in AALF between days 1, 4, and 7. B, TLR 4 was significantly decreased in AALF on day 1 compared with HC (p < 0.0001) (mean, -11,075; 95% CI, -14,047 to -8,102; r 2 = -0.67). There was no difference in the TLR 4 expression in AALF between days 1, 4, and 7. C, TLR 9 was significantly increased in AALF on day 1 compared with HC (p = 0.0002) (mean, 4,176; 95% CI, 1, 727-6,625; r 2 = -0.3). There was no difference in the TLR 9 expression in AALF between days 1, 4, and 7. D, Plasma interleukin (IL)-8 was significantly increased in AALF on day 1 compared with HC (p = 0.0004) (mean, 177; 95% CI, 86-268; r 2 = -0.36). There was no difference in the plasma IL-8 level in AALF between days 1, 4, and 7. MFI = mean fluorescence intensity. count (× 10 9 ). The grade of encephalopathy according to the West-Haven criteria (18) , admission SIRS score (19) , Sequential Organ Failure Assessment score (20) , and the Acute Physiology and Chronic Health Evaluation II score (21) were also calculated. Length of ICU stay, survival, and number of days requiring vasopressors, ventilation, or renal replacement therapy were also recorded.
Antibiotic use and immunomodulatory therapies such as corticosteroids, hypothermia, hemofiltration, and plasmapheresis were recorded. None of the patients were treated with albumin dialysis or biologic liver support devices. The occurrence of bacterial, fungal, and viral infection was noted along with other relevant patient outcomes including the development of MOF.
Sample Collection and Storage
All experiments were performed within 1 hour of blood being drawn. Ten milliliters of venous blood was collected into heparinized pyrogen-free tubes. Neutrophil function and TLR phenotyping were performed, and plasma was obtained by centrifugation of whole blood at 4,500 rpm for 10 minutes at 4°C and stored at -80°C for subsequent cytokine determination by cytometric bead array (CBA).
Measurement of Blood Ammonia
Arterial ammonia was measured as described elsewhere (22) .
Characterization of the Neutrophil Phenotype
Fluorochrome-conjugated monoclonal antibodies (antihuman CD16, CD11b, TLR 2, TLR 4, TLR 9, and IL-8; BD, Oxford, United Kingdom) were used for staining the WBCs from whole blood and analyzed by flow cytometry using a FACS Canto II analyzer and FACS Diva 6.1.2 software (BD, San Jose, CA). Mean fluorescence intensity of the fluorochromes was calculated to detect the receptor binding response to measure antigen-antibody binding.
Neutrophil Function
NPA and neutrophil SOB were performed to determine the ability of neutrophils to phagocytose opsonized Escherichia coli and produce ROS, respectively, as described elsewhere (9) .
Ex-Vivo Neutrophil TLR 9 Stimulation With LPS, NH 4 Cl, and ODN 2395
Whole blood was incubated at 37°C with Roswell Park Memorial Institute (RPMI)-1640 media (Sigma-Aldrich, Dorset, Figure 2 . Correlation between neutrophil Toll-like receptor (TLR)-9 expression and peak arterial ammonia and plasma interleukin (IL)-8 in patients with acetaminophen-induced acute liver failure (AALF), but not TLR 4. A, There was a direct correlation between peak arterial ammonia and TLR 9 mean fluorescence intensity (MFI) in the AALF patients on day 1 (r = 0.63; p = 0.005) (Spearman correlation). B, There was a direct correlation between plasma IL-8 and neutrophil TLR 9 MFI in AALF on day 1 (r = 0.6; p = 0.012) (Pearson correlation). C, There was no significant correlation between arterial ammonia and neutrophil TLR 4 MFI in AALF on day 1. D, There was no significant correlation between plasma IL-8 and neutrophil TLR 4 MFI in AALF on day 1. NS = not significant.
United Kingdom) and stimulated with LPS (E. coli 0111:B4) (200 ng/mL) (Sigma-Aldrich) or NH 4 Cl (400 μM) (Sigma-Aldrich) or ODN 2395 (oligodeoxynucleotides) (25 μM) (Innaxon, Tewkesbury, United Kingdom) or with phosphatebuffered saline (PBS) in controls for 2 hours (unstimulated). The cells were then analyzed by flow cytometry. The supernatant was collected for defining cytokine profiles.
Ex-Vivo Neutrophil TLR 9 Stimulation With IL-8, NH 4 Cl, and Plasma
To examine the effect of IL-8 and ammonia on TLR 9 expression, healthy neutrophils were incubated at 37°C with RPMI and stimulated either with different concentrations of recombinant IL-8 (125, 250, and 500 pg/mL) (R&D Systems, Abingdon, United Kingdom) or in combination with NH 4 Cl (400 μM) for 2 hours; PBS was used as control. Following the 2-hour incubation, cells were analyzed by flow cytometry.
To examine the influence of AALF plasma and endogenous DNA on TLR 9 expression, healthy neutrophils were isolated and incubated with different AALF patient plasma samples for 2 hours, with and without pretreatment with DNAse-I (5 μg) (Sigma-Aldrich). The cells were then analyzed by flow cytometry.
Cytokine Level Determination
Pro-and anti-inflammatory cytokines (CXCR-8/IL-8, IL-6, IL-10, and tumor necrosis factor [TNF]-α) levels were determined from previously stored plasma and supernatant samples using CBA (BD).
Endotoxin Measurement
Endotoxin levels were measured in the plasma samples stored at -80°C, using the Toxisensor Chromogenic Limulus Amoebic Lysate Endotoxin Assay (Genscript, Piscataway, NJ).
Statistics
Patient demographics are expressed as median (interquartile range) and frequency (%) as appropriate. Student t test and Friedman with Conover multiple comparison tests are used for hypothesis testing. Mean and 95% CI are reported. Pearson and Spearman correlations were used for parametric and nonparametric data, respectively.
Hypothesis testing was two tailed at an α level 0.05. All statistical analyses were performed using Statistical Package for the Social Sciences (SPSS) 20.0 for Windows (IBM, London, UK). p value less than 0.05 was considered as statistically significant.
RESULTS

Patient Demographics and Clinical Parameters
Twenty-four patients with AALF were recruited, and their baseline demographics, biochemical, and physiologic parameters are detailed in Tables 1 and 2 . Among the AALF Figure 3 . High systemic inflammatory response syndrome (SIRS) score (2-4) and advanced hepatic encephalopathy (HE) (grade 3/4) were associated with increased neutrophil Toll-like receptor (TLR)-9 expression and plasma interleukin (IL)-8 in acetaminophen-induced acute liver failure (AALF). A, Neutrophil TLR 9 expression was significantly increased in AALF patients with high SIRS score (2-4) on days 1 (p = 0.04) (mean, 3,206; 95% CI, 129-6,284; r 2 = -0.2) and 7 (p = 0.007) compared with low SIRS score (0-1). B, Neutrophil TLR 9 expression was significantly increased in patients with AALF on day 1 with advanced HE (grade 3/4) compared with milder HE (grade 0-2) (p = 0.006) (mean, 3,818; 95% CI, 1,284-6,352; r 2 = -0.5). C, Plasma IL-8 was significantly higher in AALF on day 1 in those with high SIRS score (2-4) compared with low SIRS score (0-1) (p = 0.004) (mean, 170; 95% CI, 61.5-279; r 2 = -0.39). D, Plasma IL-8 was significantly increased in AALF on day 1 in those with advanced HE (grade 3/4) compared with milder HE (grade 0-2) (p = 0.03) (mean, 136; 95% CI, 15-257; r 2 = -0.25). MFI = mean fluorescence intensity. cohort, seven patients (29%) fulfilled King's College Hospital criteria for poor prognosis (23), of whom five underwent successful LT, two died (one died 2-d post-LT), and one recovered spontaneously following plasmapheresis. All patients were profoundly unwell with MOF and this was reflected by high organ failure scores. There was a significant decrease in arterial ammonia and Model for End-stage Liver Disease score in AALF patients on days 4 and 7 compared with day 1. There was no difference in the ammonia concentrations and other biochemistry parameters in the patients based on severity of HE or SIRS score. Even though microbial cultures were negative, all patients were treated empirically at admission with tazocin (piperacillin and tazobactam) 4.5 g every 8 hours (substituted for meropenem 1 g every 8 hr if penicillin allergic) and fluconazole 400 mg once daily. All AALF patients were also treated with a continuous infusion of N-acetyl cysteine following ICU admission for up to 72 hours and managed as per published evidence-based guidelines (24) .
Neutrophil Phenotype
In AALF, baseline neutrophil surface receptor expression of the FcγRIII molecule CD16 and the β-integrin CD11b (C3bi), which binds to the surface of opsonized microbes along with TLR 2, -4 and -9 was determined on days 1, 4, and 7 and compared with HC. CD16 and TLR 4 expressions were significantly decreased in AALF patients on day 1 compared with HC (p < 0.0001). There was no difference in CD16 and TLR 4 expression between AALF patients on days 1, 4, and 7 (Fig. 1, A and B) and no difference in CD11b expression in AALF patients compared with HC (data not shown).and B) Baseline TLR 9 expression was significantly increased in AALF patients on day 1 compared with HC (p = 0.0002). There was no difference in TLR 9 expression between AALF patients on days 1, 4, and 7 (Fig.  1C) and no difference in the neutrophil TLR 2 expression in AALF patients compared with HC (data not shown).
Plasma Endotoxin and Cytokines
Plasma IL-8 (p < 0.0001) ( Fig. 1D) , IL-6 (p < 0.0001), and IL-10 (p = 0.04) were significantly increased in AALF patients on day 1 compared with HC ( Supplementary Fig. 1 , Supplemental Digital Content 1, http:// links.lww.com/CCM/B430). There was no difference in the cytokine levels between ALF patients on days 1, 4, and 7. Endotoxin levels in sera of all AALF patients and HC were less than 0.01 endotoxin units/mL, the detectable limit setup by the manufacturer (data not shown).
Relationship of TLR 9 With Ammonia and IL-8
There was a positive correlation between peak arterial ammonia and neutrophil TLR 9 expression in patients with AALF on day 1 (r = 0.63; p = 0.005) ( Fig. 2A) . There was also a positive correlation between plasma IL-8 and TLR 9 in patients with AALF on day 1 (r = 0.6; p = 0.012) (Fig. 2B) . There was no significant correlation between neutrophil TLR 4 expression and arterial ammonia or plasma IL-8 (Fig.  2, C and D) .
As one patient underwent plasmapheresis before sampling and three patient's prehemofiltration ammonia level was not . Up-regulation of Toll-like receptor (TLR)-9 in healthy neutrophils following stimulation with ammonium chloride (NH 4 Cl) and interleukin (IL)-8 and acetaminophen-induced acute liver failure (AALF) plasma. A, Neutrophil TLR 9 expression was significantly increased following costimulation with IL-8:125 and NH 4 Cl compared with unstimulated (p = 0.03) (mean, 2,667; 95% CI, 423.2-4,911; r 2 = -0.73), NH 4 Cl alone (p = 0.01) (mean, 3,303; 95% CI, 1,256-5,350; r 2 = -0.83), and IL-8:125 alone (p = 0.016) (mean, 2,134; 95% CI, 662-3,606; r 2 = -0.8). Neutrophil TLR 9 expression was also significantly increased following costimulation with IL-8:250 and NH 4 Cl compared with unstimulated (p = 0.015) (mean, 1,915; 95% CI, 618-3,213; r 2 = -0.8), NH 4 Cl alone (p = 0.03) (mean, 2,551; 95% CI, 457-4,645; r 2 = -0.74), and IL-8:250 alone (p = 0.03) (mean, 1,749; 95% CI, 284-3,214; r 2 = -0.8). B, Neutrophil TLR 9 expression was significantly increased when neutrophils from a healthy controls (HC) were incubated with AALF plasma (patients who fulfilled King's criteria for liver transplantation, n = 6) compared with unstimulated cells (p = 0.01) (mean, 559; 95% CI, 186-932; r 2 = -0.74). C, Neutrophil TLR 9 expression was significantly decreased when neutrophils from an HC were incubated with AALF plasma preincubated with deoxyribonuclease-I (DNase-I) (p = 0.0003) (mean, 1,644; 95% CI, -2,133 to -1,155; r 2 = -0.94). MFI = mean fluorescence intensity. available, TLR 9 expression in these patients was excluded from the analysis.
Neutrophil TLR 9 and IL-8 Expression and Severity of HE and SIRS Score
The correlation between TLR 9 and arterial ammonia and plasma IL-8 in AALF led us to investigate the association between severity of SIRS (scores: 0-1 vs 2-4) and 1) neutrophil TLR 9 expression and 2) plasma IL-8 concentration. Neutrophil TLR 9 expression was significantly higher in patients with high SIRS score (2-4) on days 1 (p = 0.04) and 7 (p = 0.007) compared with those with low SIRS score (0-1) ( Fig. 3A) . Neutrophil TLR 9 expression was then compared among AALF patients cohorted based on HE grade (grades: 0-2 vs 3/4). On day 1, TLR 9 was significantly higher in patients with advanced (grade 3/4) HE compared with those with milder (grade 0-2) HE (p = 0.006) (Fig. 3B) .
Neutrophil TLR 9 expression in relation to both SIRS score and HE grade was reflected in the plasma IL-8 levels. On day 1, plasma IL-8 was significantly higher in patients with SIRS score 2-4 or advanced HE (grade 3/4) compared with those with SIRS score 0-1 (p = 0.004) or milder HE (grade 0-2) (p = 0.03) (Fig. 3, C and D) . There was no difference observed in other cytokines based on SIRS score or HE grade. Figure 5 . Changes in neutrophil Toll-like receptor (TLR)-9 expression and cytokine production in acetaminophen-induced acute liver failure (AALF) patients following ex-vivo stimulation with lipopolysaccharide (LPS), ammonium chloride (NH 4 Cl), and oligodeoxynucleotides (ODN) 2395. A, Neutrophil TLR 9 was significantly down-regulated in AALF patients with high systemic inflammatory response syndrome (SIRS) score (2-4) on day 1 in response to NH 4 Cl (mean, -2,728; 95% CI, -4,712 to -745; r 2 = -0.48) and LPS (mean, -4,757; 95% CI, -9,513 to -1.5; r 2 = -0.65) stimulation compared with unstimulated cells (p < 0.05). There was no change in AALF patients with low SIRS score (0-1) on day 1 or in healthy controls (HC) following NH 4 Cl and LPS stimulation. B, Neutrophil TLR 9 was significantly down-regulated in AALF patients with high hepatic encephalopathy (HE) score (3/4) on day 1 in response to NH 4 Cl (mean, -3,469; 95% CI, -6,919 to -19; r 2 = -0.57) and LPS (mean, -3648; 95% CI, -9,256 to -142; r 2 = -0.64) stimulation compared with unstimulated cells (p < 0.05). There was no change in AALF patients with milder HE score (0-2) on day 1 or in HC following NH 4 Cl and LPS stimulation. C, Neutrophil TLR 9 remained unchanged in AALF patients on day 1 and HC in response to ODN 2395 stimulation compared with unstimulated cells. D, Interleukin (IL)-8 and tumor necrosis factor (TNF)-α production was increased 200-to 600-fold following LPS stimulation (both p < 0.0001) in HC and increased 40-to 60-fold in AALF patients with low SIRS score (0-1) (both p < 0.05). There was only a maximum of a two-fold increase in IL-8 and TNF-α production in AALF patients with high SIRS score (2-4) on day 1 following the NH 4 Cl or LPS stimulation. E, Following ODN 2395 stimulation, IL-8 and TNF-α were significantly increased in supernatants (p < 0.05) and intracellular IL-8 remained unchanged in AALF patients on day 1 compared with unstimulated cells, whereas in HC, IL-8 and TNF-α remained unchanged in supernatants, but intracellular IL-8 was significantly increased compared with its unstimulated counterpart (p < 0.05). MFI = mean fluorescence intensity, NS = not significant. 
Neutrophil Response to IL-8 and NH 4 Cl Stimulation and Patients' Plasma
When HC neutrophils were stimulated with either IL-8 or NH 4 Cl, no change in TLR 9 expression was observed. However, TLR 9 expression was significantly increased when the neutrophils were costimulated with NH 4 Cl and IL-8 at 125 and 250 pg/mL, compared with baseline (p < 0.05), stimulation with IL-8 at 125 pg/mL alone (p < 0.05), and NH 4 Cl alone (p < 0.05) (Fig. 4A) .
There was a significant increase in TLR 9 expression when HC neutrophils were incubated with AALF plasma compared with unstimulated cells (p = 0.01) (Fig. 4B) , and there was a significant decrease in TLR 9 expression when those plasma samples were preincubated with DNase-I (p = 0.0003) (Fig. 4C) .
The changes in TLR 9 reflected neutrophil intracellular IL-8 expression. (Supplementary Fig. 2 , Supplemental Digital Content 2, http://links.lww.com/CCM/B431).
Ex-Vivo Stimulation of Neutrophils With LPS and NH 4 Cl and ODN 2395
Following NH 4 Cl or LPS stimulation, neutrophil TLR 9 expression remained unchanged in HC and AALF patients with low SIRS score (0-1) and mild HE (grade 0-2) on day 1 compared with unstimulated cells. Whereas neutrophil TLR 9 expression was down-regulated significantly in AALF patients with high SIRS score (2) (3) (4) or advanced HE (grade 3/4) on day 1 (p < 0.05) compared with unstimulated cells (Fig. 5, A and B) . There was no difference in the TLR 9 expression following costimulation with LPS and NH 4 Cl, compared with either stimulus alone (data not shown).
Neutrophil TLR 9 expression was not changed by stimulation with ODN 2395 (oligodeoxynucleotides) in both HC and AALF patients (Fig. 5C) .
Neutrophil Cytokine Production in Response to Stimulation
Cytokines were measured in the supernatants collected from cells stimulated by NH 4 Cl and/or LPS and compared with unstimulated cells from both HC and AALF patients. There was a 400-800-fold increase in TNF-α and IL-8 production following LPS stimulation in HC compared with their unstimulated counterparts (p < 0.0001). In AALF patients with low SIRS score (0-1) on day 1, the cytokine production was increased 40-60-fold compared with unstimulated cells (p < 0.05). However, in AALF patients with high SIRS score (2) (3) (4) , there was no change or a maximum two-fold increase in the cytokine production compared with their unstimulated counterparts on day 1 (Fig. 5D) . A similar trend was observed in the cytokine production following NH 4 Cl stimulation even though it was not in manifold increase (Supplementary Fig. 3 , Supplemental Digital Content 3, http://links.lww.com/CCM/ B432).
Following ODN 2395 stimulation, IL-8 and TNF-α were significantly increased in the supernatants (p < 0.05). Intracellular IL-8 expression remained unchanged in AALF patients on day 1 compared with HC that were significantly increased (p < 0.05) (Fig. 5E) . Baseline intracellular IL-8 expression was significantly increased in AALF patients on day 1 compared with HC ( Supplementary Fig. 4 , Supplemental Digital Content 4, http://links.lww.com/CCM/B433). These data are indicative that neutrophils in AALF become primed following hepatic necrosis and overreact to stimulation.
Neutrophil Function
NPA was significantly decreased in AALF on day 1 compared with HC (p < 0.0001) significantly improving on days 4 and 7 compared with day 1 (p < 0.005) ( Fig. 6A) . Neutrophil SOB was significantly increased in AALF on day 1 compared with HC (p < 0.0001). There was no difference in the neutrophil SOB between AALF patients on days 1, 4, and 7 (Fig. 6B ).
DISCUSSION
In this study, a robust correlation between neutrophil TLR 9 expression and arterial ammonia concentration and plasma IL-8 in AALF has been demonstrated. Neutrophil TLR 9 expression and IL-8 were highest in those with severe SIRS and advanced HE, which is consistent with the Figure 6 . Impaired neutrophil function in patients with acetaminopheninduced acute liver failure (AALF). A, Percentage of neutrophil phagocytic activity (NPA) was significantly decreased in AALF patients on day 1 (n = 11) compared with healthy controls (HC) (n = 10) (p < 0.0001) (mean, -33.5; 95% CI, -47.5 to -19.6; r 2 = -0.57). NPA increased in AALF patients on day 4 compared with day 1 (p < 0.005). B, Neutrophil spontaneous oxidative burst (SOB) was significantly increased in AALF patients on day 1 compared with HC (p < 0.0001) (mean, 23.4; 95% CI, 11-35.9; r 2 = -0.45). There was no difference in the neutrophil SOB in AALF patients on days 4 and 7 compared with day 1. ROS = reactive oxygen species. proinflammatory state observed in patients with AALF. Neutrophil function was impaired with reduced phagocytic activity and increased SOB.
This led us to postulate that in addition to the release of proinflammatory cytokines such as IL-6 and IL-8 following acetaminophen-induced hepatic necrosis, the resulting reduced hepatocyte mass (with less capacity to incorporate nitrogen species into urea) results in an elevation in arterial ammonia inducing neutrophil TLR 9 expression. Indeed, it has been shown that the necrotic liver releases DNA into the systemic circulation (7, 16) , where upon exposure, TLR 9 along with the Nalp3 inflammasome and caspase-1 activates the cell-signaling cascade of proinflammatory cytokines IL-1β and IL-18 (16) . This is supported by our observation that there was a significant increase in TLR 9 expression when healthy neutrophils were incubated with AALF plasma that was abrogated by preincubating with DNase-I. It has been shown that TLR 9 receptor activation stimulates IL-8 production by activating the p38-mitogen-activated protein kinase and downstream NF-κB pathways in hematopoietic stem cells (24) and endothelial cells (25) , which is reflected in our observation that TLR 9 expression reflected neutrophil intracellular IL-8 expression.
It has previously been reported that astrocyte swelling is reduced in TLR 4-silenced brain endothelium exposed to ammonia, cytokines, and LPS (26) , and brain edema is abrogated in acute HE TLR 4-knockout mice models (26) . TLR 4 antagonists administered to acetaminophen-induced liver injury mice have also been shown to be protective with a reduction in the brain water volume (27) , implicating TLR 4 as playing a major role in the development of HE. However, the decrease in circulating neutrophil TLR 4 expression observed in this study in the context of no detectable systemic endotoxin suggests that neutrophil TLR 4 does not play as significant a role as TLR 9 in the development of SIRS in AALF.
The neutrophils from patients with AALF and high SIRS failed to up-regulate TLR 9 in response to LPS and NH 4 Cl challenge and paradoxically down-regulated, which may result from a negative feedback mechanism. They were also unable to produce the proinflammatory cytokines TNF-α and IL-8 compared with those with AALF and lower SIRS, implying that exposure to high levels of the potent neutrophil chemokine IL-8 in early AALF may lead to circulating neutrophil exhaustion. Furthermore, stimulation with oligodeoxynucleotides failed to up-regulate intracellular IL-8 expression in patients with AALF explaining why patients with AALF and severe SIRS are so susceptible to developing bacterial and fungal infections (28) . Up-regulation of TLR 9 in HC following costimulation with NH 4 Cl and IL-8 but not with IL-8 or NH 4 Cl alone suggests that inflammation and ammonia act synergistically to increase TLR 9 expression in AALF. Furthermore, increased intracellular IL-8 production in healthy neutrophils following stimulation with NH 4 Cl (or oligodeoxynucleotides) suggests that ammonia and circulating damage-associated molecular protein molecules can potentially trigger production of this potent neutrophilattracting chemokine. LPS also activates the production of IL-8 in human neutrophils (29) with IL-15 inducing this process by activating the NF-κB pathway (30) . The increased neutrophil TLR 9 expression observed following ex-vivo stimulation with IL-8 and NH 4 Cl in healthy neutrophils is similar in magnitude to the TLR 9 expression observed in AALF patients on presentation and may be representative of the circulating inflammatory milieu that develops in AALF. However, the mechanistic pathway through which TLR 9 responds to these stimuli would require further interrogation in these patients.
The main drawback to this study is that we were only first able to analyze plasma arterial ammonia and IL-8 concentrations on day 1 of the ICU admission. We therefore were unable to determine how these variables might influence neutrophil TLR 9 expression and the severity of SIRS and HE during the early onset of AALF preceding ICU admission. Furthermore, we were unable to interrogate how neutrophil TLR 9 expression and intracellular cytokine production in response to LPS, ammonia, or oligodeoxynucleotides related to the eventual development (or not) of sepsis due to the limited number of patients that could be studied and due to the fact that the sickest patients with advanced HE were transplanted early on during their admission, died before transplantation could be performed, or underwent plasmapheresis. These data may put into context why studies have revealed that high arterial ammonia concentration is central in the development of ICH in those with advanced HE (2) and go some way to explaining why there is progression to more severe grades of HE in patients with ALF who have significant systemic inflammation (4) . Indeed, we have demonstrated that patients with AALF and high SIRS score (2-4) and advanced HE (grade 3/4) had higher baseline plasma IL-8 concentration and circulating neutrophil TLR 9 expression than those with low SIRS (score 0-1) and milder HE (grade 0-2), which supports the validity of this concept. These circulating neutrophils not only are integral in the development of SIRS and advanced HE but may also amplify liver injury as neutrophil-depleted mice with acetaminophen hepatotoxicity have evidence of reduced hepatocellular necrosis. Furthermore, blocking CXCR-2 and formyl peptides protected against the development of SIRS and remote lung injury (7) .
CONCLUSIONS
Neutrophil TLR 9 expression in AALF is mediated both by circulating endogenous DNA as well as ammonia and IL-8 in a synergistic manner inducing systemic inflammation, neutrophil exhaustion, and exacerbating HE. The findings of this study taken with the important observation by Imaeda et al (16) that acetaminophen-induced hepatotoxicity in wild-type and Nalp3-deficient mice is dependent on TLR 9 and the Nalp3 inflammasome resulting from DNA released from the apoptotic hepatocytes implies that TLR 9 antagonists may be of therapeutic value in AALF, particularly in those with high SIRS and advanced HE on presentation.
